Aeolian tone from a semi-circular cylinder in a uniform flow is studied experimentally for various angles of attack. It is found that the peak sound spectrum of the Aeolian tone from the semi-circular cylinder is smaller than that from the circular cylinder and the lowest sound is observed around the zero angle of attack. This is due to the reduction in the fluctuating lift force on the semi-circular cylinder compared to that of the circular cylinder. This result suggests the validity of the analogy between the sound pressure level and the fluctuating lift force on a semi-circular cylinder in a stream. The flow visualization study also supports these results.
Introduction
Aeolian tone generated from a bluff body in a stream has been a topic of interest for many years, because it is closely related to the environmental noise problem induced by the stream. Examples of such flow noise can be found in wind turbines, vehicles, cables, buildings, and so on. So far, the flow noise from the bluff body in a stream has been investigated to understand the physics behind the Aeolian tone generated by the fluid structure interaction.
The Aeolian tone from the circular cylinder has been studied by many researchers, which is summarized in review papers [1] [2] . These studies are concerned with the aerodynamic characteristics of the circular cylinder in a uniform flow, which is closely related to the generation mechanism of Aeolian tone. The experimental results on the unsteady fluid forces of the circular cylinder indicate that the fluctuating lift coefficient is dependent on the Reynolds number of the flow and is highly correlated with the Aeolian tone from the circular cylinder [3] .
Since then, the experimental and numerical studies on the unsteady flow field and the aerodynamic sound from the circular cylinder have been carried out to explore the mechanism of the sound generation from the circular cylinder in a uniform flow [4] - [12] . It should be mentioned that the sound sources of the Aeolian tone are known to be located around the separation points and along the separating shear layer, which are measured by particle image velocimetry combined with microphone technique [12] .
Compared to the studies on the aerodynamic characteristics of the circular cylinder, there are fewer studies on the rectangular cylinder [13] [14] and the semi-circular cylinder [15] . Furthermore, there are much fewer studies on the aeroacoustics than those of aerodynamics of these cylinders. Fujita [16] reported the characteristics of the Aeolian tone for various configurations of two-dimensional cylinders and showed that the sound pressure level of the Aeolian tone from a square cylinder is reduced by the introduction of rounded corners on the front side, which is similar in shape to the semi-circular cylinder. As far as the authors know, there are no previous studies on the Aeolian tone from a semi-circular cylinder in a stream, while this configuration is often encountered in engineering applications, such as the wing mirror of automobiles, the Savonius wind turbines [17] , and the heat exchangers and so on.
In this study, the Aeolian tone from the semi-circular cylinder in a uniform flow is investigated experimentally for various angles of attack by measuring the sound spectrum, fluctuating lift coefficient and flow visualization by smoke-wire method. Figure 1 shows an experimental setup for the measurement of Aeolian tone and the aerodynamic characteristics of the semi-circular cylinder in a uniform flow. The measurements were carried out in a wind tunnel, which has a cross-section of 190 mm × 190 mm. The diameter of the semi-circular cylinder is D = 15 mm, so that the aspect ratio of the cylinder is 12.7. Note that the blockage of the wind tunnel is less than 8% and the influence of the blockage on the fluid forces is the same order of magnitude to the uncertainty of fluid force measurement, so that the correction of the blockage effect was not applied to the present result. Mean velocity of the experiment was set at U = 30 m/s, which corresponds to the Reynolds number Re (=UD/ν) = 3 × 10 4 , where ν is kinematic viscosity of air. Note that the independence of the Reynolds number on this result was confirmed in the Reynolds number range Re = (1.9 − 3.3) × 10 4 . The turbulence intensity of the wind tunnel is 1% of the free-stream velocity.
Experimental Methods
Aeolian tone generated from the semi-circular cylinder was measured by a microphone having a diameter of 12.7 mm. The microphone was located above the cylinder with a distance of 130 mm as shown in Figure 1 . The top wall of the wind tunnel is made of urethane foam to minimize the flow noise, while the other walls are made of acrylic resin for flow visualization purposes. The microphone has a flat frequency response in a range of 20 Hz to 8 kHz. The output signals from the microphone are recorded digitally to a computer via the analog to digital converter and the data are stored on the memory.
In order to understand the physics of Aeolian tone variation with the angle of attack, unsteady fluid forces acting on the cylinder were measured by using four strain gauges attached to one side of the square rod. The cylinder was fixed on both ends outside the wind tunnel as shown in Figure 1 . The strain gauges are pasted on each flat surface of the square rod. The sensing section of the fluid force is the central 90 mm of the cylinder to avoid the influence of the boundary layer developing on the side walls of the wind tunnel. Figure 2 shows the configuration of the strain gauges on the square rod. Two strain gauges on the opposite sides of the square rod compose a half bridge of two active gauge method. The two sets of the half bridge allow the measurement of the strains in orthogonal directions. The maximum frequency response of the strain gauges is 2.5 kHz, which is much higher than the frequency of the noise. The drag and lift forces are evaluated from the strain measurements, where the drag and lift coefficients are defined by
(D: diameter of the cylinder, F d , F l : drag and lift forces, respectively, L: length of sensing section, ρ: density of air). The relation between the strain and the fluid forces was calibrated for each angle of attack by a static loading test before the experiment, because the strain gauges are fixed on the cylinder. The uncertainty of the fluid force measurement was evaluated as 7.7%, where the calibration error 7% is the major error source. In order to evaluate the influence of the angle of attack θ (Figure 2 ) on the aerodynamic characteristics, the semi-circular cylinder is rotated around the gravity center. The sampling rate of the signal acquisition was 10 kHz and the total sampling time was 60 s. The sound spectra were evaluated by Fast Fourier Transform (FFT) analysis of the recorded data. In order to confirm the change of flow pattern, flow fields around the semi-circular cylinder were visualized by a smoke-wire method. A nichrome wire of diameter 0.1 mm was installed just behind the cylinder. Liquid paraffin was painted on the wire by using a brush before electric heating of the wire. The mean velocity of the wind tunnel was set to U = 3 m/s to obtain a clear smoke image, which corresponds to the Reynolds number Re = 3 × 10 3 . The visualization images were recorded at 1000 frame/s using a high-speed camera having an image resolution of 1016 × 1016 pixels. Figure 3 shows an example of sound spectra for some angles of attack of a semi-circular cylinder (θ = 0, −90, 90 degrees) at Re = 3 × 10 4 , which is compared with that of the circular cylinder at the same Reynolds number. The background noise is 20 dB smaller than the Aeolian tone. The sound spectra of the semi-circular cylinder show peaks at vortex shedding frequency, while the peak frequency changes with the angle of attack. It should be mentioned that the peak frequency of the circular cylinder is 370 Hz, which corresponds to the Strouhal number St (=fD/U) = 0.19 in agreement with the reported value in literature [3] . The second peak of lower frequency in the sound spectrum of the circular cylinder may be due to the effect of end conditions of the cylinder, which produces the irregular motion of the vortex shedding [18] . It is interesting that the peak magnitude of the sound pressure spectra for the semi-circular cylinder at θ = 0 and −90 degrees is much lower than that of the circular cylinder. Figure 4 shows the variations of peak sound pressure levels of the semi-circular cylinder with the angle of attack θ, which is compared with those of the circular cylinder. It is found that the peak magnitude is lowest around zero angle of attack and it becomes large around θ = −30 degrees and θ =45 degrees or over. It should be mentioned that the peak sound spectra of the semi-circular cylinder is lower than that of the circular cylinder irrespective of the angle of attack. This indicates that the aeroacoustic performance of the semi-circular cylinder is better than that of the circular cylinder. These results indicate that the variation of the Strouhal number with the angle of attack is caused by the wake-width variation, which will be seen in the flow visualization pictures in Figure 8 , while the high Strouhal number at 15 degrees and the low Strouhal number at −15 degrees is due to the change of the separation point along the surface. Figure 6 shows the drag and lift coefficients of the semi-circular cylinders for various angles of attack, which are compared with those of the semi-circular cylinder by Takizawa et al. [15] at Re = 6.7 × 10 4 . Note that the drag coefficient C d = 1.0 of the circular cylinder is the average value over the various angles of attack, which agrees with that in literature [3] . The drag coefficient of the semi-circular cylinder around zero angle of attack is lower than those of the circular cylinder. This is similarly observed in the result of semi-circular cylinder by Takizawa et al. [15] , which was evaluated by integration of surface pressure measurement. With increasing the angle of attack to positive direction, the drag coefficient increases and it becomes larger than that of the circular cylinder. With decreasing the angle of attack to negative direction, the drag coefficient increases gradually and it becomes the same level as that of the circular cylinder at θ = −90 degrees. The lift coefficient shows symmetric distribution with respect to θ = 0 degrees reflecting the angle of attack variation of the frontal area. Although the negative lift coefficient is found around zero angle of attack, they increase with increasing the magnitude of the angle of attack in both positive and negative directions and they come to zero lift coefficient at θ = ±90 degrees due to the axial symmetry of the semi-circular cylinder with respect to the flow direction. It should be mentioned that the deviation of the present result of drag and lift coefficients from that of Takizawa et al. [15] may be due to the influence of Reynolds number, which results in larger difference in drag and lift coefficients on the negative θ. Figure 7 shows the distribution of fluctuating lift coefficient C lrms of the semi-circular cylinders for various angles of attack, which is compared with that of the circular cylinder. Note that the error bar indicates the data scattering in the experiment. The fluctuating lift coefficient of the semi-circular cylinder is very small around zero angle of attack. It increases gradually with increasing the magnitude of angle of attack to positive and negative directions, while it is much smaller than that of the circular cylinder. This result indicates that the fluctuating lift coefficient can be reduced by using the semi-circular cylinder instead of the circular cylinder and it is applicable to all angles of attack. It should be mentioned that the distribution of the fluctuating lift coefficient is very similar to that of the overall sound pressure level with respect to the angle of attack variation as shown in the same figure. This result indicates that the overall sound pressure level is highly correlated with the fluctuating lift coefficient, which implies that the Curle's theory [19] under the assumption of compact body is applicable to the Aeolian tone generation from a semi-circular cylinder in a stream. However, these distributions does not agree well with each other, which is found at the local peak of SPL around θ = −45 degrees. This discrepancy may be due to the effect of the sound sources in the flow fields and directional characteristics of the Aeolian tones of the semi-circular cylinder [19] . The present result shows that the fluctuating lift coefficient at θ = −90 degree is lower than that at θ = 90 degree, which indicates that the flat back structure is more effective than the flat front structure for reducing the fluctuating lift and the peak sound spectrum. Figure 8 shows the smoke-wire flow visualization of flow field around the semi-circular cylinder at θ = 0 degree (a), −15 degree (b), 15 degree (c), −90 degree (d), 90 degree (e), respectively, which are compared with the result of the circular cylinder (f). The smoke-wire experiments were conducted at Re = 3 × 10 3 , where the smoke-wire is located at 10 mm downstream of the cylinder center. These flow visualization pictures show that the flow fields around the semi-circular cylinder are similar to that of the circular cylinder, while the wake width downstream of the semi-circular cylinder are modified by the angle of attack variation, which reflects the variation of the frontal area of the semi-circular cylinder. Note that the wake width, which is presented in Figure 8 , is defined by the disturbed width of the smoke on the smoke-wire position downstream of the cylinder. The smallest wake width of 0.8 D is observed around zero angle of attack, while it decreases slightly with increasing the positive angle of attack 15 degrees and the increase is found as 1 D by the negative angle of attack −15 degrees. The wake width further increases to 1.1 D at the negative angle of attack −90 degrees, which is the same order as the circular cylinder. Moreover, it becomes the maximum 1.7 D at positive angle of attack 90 degrees. These observations of wake flow field are consistent with the angle of attack variation of the Strouhal number, the peak sound spectra and the fluctuating lift forces on the semi-circular cylinder. 
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Conclusion
The Aeolian tone from a semi-circular cylinder in a uniform flow was investigated experimentally for various angles of attack by measuring the sound spectrum and the mean and fluctuating fluid forces. The experimental results show that the peak sound spectrum from the semi-circular cylinder is smaller than that of the circular cylinder in the whole angles of attack and the lowest one is observed around zero angle of attack. This is due to the generation of smaller fluctuating lift force on the semi-circular cylinder compared to that of the circular cylinder. The variation of the peak sound spectra with the angle of attack is similarly observed to the variations of fluctuating lift force, which supports the validation of the analogy between the sound pressure level and the fluctuating lift force on the semi-circular cylinder.
